Abstract I propose an experiment that may be performed, with present low temperature and cryogenic technology, to reveal Wheeler's quantum foam. It involves coupling an optical photon's momentum to the center of mass motion of a macroscopic transparent block with parameters such that the latter is displaced in space by approximately a Planck length. I argue that such displacement is sensitive to quantum foam and will react back on the photon's probability of transiting the block. This might allow determination of the precise scale at which quantum fluctuations of space-time become large, and so differentiate between the brane-world and the traditional scenarios of spacetime.
the laboratory. There are plenty of plans for experiments but essentially no results. Let us look at a couple of proposed experimental approaches.
People have speculated that quantum gravity may distort the standard energy-momentum dispersion relation [ 
with α, β, · · · a set of dimensionless constants. Evidently this relation clashes with Lorentz invariance, a principle that seems likely to fall victim to the introduction of quantum space-time geometry. One consequence of the proposed distortion is that the speed of particles does not asymptote to c for E mc 2 , but rather remains energy dependent. This prediction can be tested by looking at the duration at Earth of a gamma ray burst as a function of energy. Gamma ray bursts, comprising photons with a gamut of energies, come from very far away, and the corresponding long temporal baseline should allow the energy dependent speed to spread the burst temporally. Since there must be an initial spread, the said measurements can only determine an upper bound on the temporal spread. Data obtained by the Fermi γ-ray satellite show that if α does not vanish identically, it cannot be bigger than order unity [2] . But if α vanishes identically, nothing useful can be said about β. Evidently the measurements do not settle the question posed by Eq. (1) .
A second approach proposes to search for quantum black holes in the debris of collisions in the Large Hadron Collider (LHC) in CERN [3] . A quantum black hole is one having a mass near Planck mass (hG/c) 1/2 (G is the measured Newton constant). In reality neither LHC nor any presently imagined accelerator can access the corresponding energy of about 10
19 GeV. What the investigators have in mind is the string-inspired scenario whereby the fermions and gauge fields which make up the matter we perceive and its interactions are confined to a four-dimensional brane (subspace) in a world with D > 4 dimensions. Gravity pervades the D-dimensional space-time [4, 5] . In such a world the true Planck length (D) P , the critical scale at which quantum effects become strong for gravity, is related to the nominal Planck length (hG/c 3 )
where G (D) is the gravitational constant in D dimensions. It is obviously possible for
P ), the physical Planck mass in the brane scenario can be much below (hG/c) 1/2 . The LHC may thus be able to access the corresponding energy and produce black holes, but thus far no evidence of black hole formation has surfaced there. This might mean that
is not very large compared to G(
, or that space-time is four dimensional after all. The approach is obviously still not very informative.
The above are examples of large scale experiments. Of late there have surfaced proposals for table-top experiments to probe aspects of quantum gravity. It was remarked that a particular modification of the usual uncertainty relation in which the Planck scale figures prominently leads to modification of a number of standard quantum phenomena already at scales much larger than Planck's [7] . A table-top experiment in this spirit, focusing on a Planck mass macroscopic harmonic oscillator, and employing standard techniques from quantum optics and optical interferometry, is in late stages of planning [8] . So far there are no concrete results in this direction.
The dearth of experimental evidence bearing on quantum gravity has permitted many proposed theories of the subject to coexist. Thus we have canonical quantum gravity and loop quantum gravity, both based on general relativity. We have string theory with its entourage of related scenarios such as the brane-world. We have Faddeev's ten vector theory of gravity [9] , classically equivalent to general relativity but presumably engendering a quantum gravity much different from the canonical one. Another approach to quantum gravity is causal dynamical triangulations [10] , a numerically based scheme which views space-time as emerging from a stacking up of simplices guided by a causal rule. Yet another tack is provided by Horava gravity [11] which gives up on local Lorentz invariance to achieve the renormalizability that is lacking in canonical quantum gravity. And there are others.
With a gamut of theoretical schemes, and almost no experimental evidence, it is well to ask if there is some accepted feature of quantum gravity which we could focus on without favoring this or that theory. An obvious possibility is the "quantum foam". Already in the 1960's Wheeler made the case that at Planck scale quantum fluctuations of the space geometry must become strong enough to disrupt the smoothness of the space-time manifold, even to the extent of introducing multi-connected topology [12] . On this same scale the geometry fluctuates violently in time. Can we "see" this quantum foam?
The "microscope" that could do this is very hard to come by. Suppose one tries to probe spacetime on Planck scale with an elementary particle. To reach a space resolution of 10 −35 m, the uncertainty principle requires the particle to have a momentum at least 10
19 GeV/c in order to overcome the momentum uncertainty which is of that order. The particles known to us have rest energies of up to 10 2 GeV, so our particle will have to have an energy of about 10
19 GeV. This exceeds by eight orders the energies of the most energetic cosmic rays known, which themselves will not be imitated by accelerators for many decades. Generalizing we realize that the Achilles heel of many procedures for making quantum foam graphic is in the requisite amount of localization of the probes. The conclusion can only be one: to probe Planck scale roughness of spacetime, one has to avoid localization of the probes, either before or after the measurement. But how can one resolve the non-smoothness of space-time without localizing the probe?
An ideal quantum foam experiment
The solution may be to arrange for translation of a macroscopic probe's c.m. by a controllable distance of the order Planck's length starting from an unspecified point-all this in the original rest frame of the c.m. This gets us out of having to localize the probe as part of the experiment. How does this help us? The idea is that a shift by distances of order Plancks length may have a different effect from shifting by a macroscopic distance. In some theories-notably loop gravity-there is no such thing as "distances smaller than Planck's length". More generally one can think the following parable. When one drags a block of over a flat surface, moving it a macroscopic distance-say, 1 cm-during a macroscopic time, one is up against dynamic friction. If one drags it in the same time interval over a few atomic distances, the motion is opposed by static friction-much larger than the dynamic one. In the latter case motion is hindered by interaction between asperities in the contacting surfaces; in the former the asperities are literally melted away. By analogy, in the quantum foam case we would expect the shift by a Planck length to be, in some sense, harder to perform than a much longer shift.
As the macroscopic probe we propose an accurately rectangular block of very transparent dielectric-either amorphous or crystalline of the cubic class (which is optically isotropic). Let its dimensions be L 1 × L 2 × L 2 , and its index of refraction n. A single-photon emitter sends an optical photon accurately normally to one of the square faces. A suitable detector records the photon after traversal of the block.
Inside the block the photon has its momentum reduced by a factor n. Why? According to Abraham the momentum density in an electromagnetic field is [13, 14] 
The second form is specific to a plane wave in a dielectric with permittivity and permeability µ; it is obtained by using the plane wave relation H = /µ k −1 k × E. For the energy density we may write ρ e = (8π)
where, again, the second form is for the plane wave. Thus ρ e /ρ p = c √ µ = c n. The photon is really a packet of electromagnetic fields, so the ratio of its energy to its momentum inside the block must be c n. Outside it must be c. Both outside and inside the photon energy must behω (conservation of energythe block is supposed immobile). Hence, since outside the block the photon's momentum ishω/c, it ishω/(c n) inside the block. What happened to the momentum difference, ∆p =hω/c (1 − 1/n)? Momentum is conserved so momentum ∆p must have been deposited in the block, and accompanies the photon as some kind of traveling atomic excitation for the nominal duration of the transit, nL 1 /c. Obviously this momentum deposit will be reclaimed by the photon upon its egress from the block. While vested in the block the momentum ∆p endows the block's c.m. with velocity ∆p/M in the Lorentz frame in which the c.m. was originally at rest. Thus, the c.m. is shifted by distance [15, 16, 17] 
before coming to rest in the said frame. That the shift has occurred is certified when the photon is detected on the other side of the block. Note that one need not know the initial or final position of the block to know the shift. Thus is the localization hurdle cleared. But does knowledge of the shift in c.m. not clash with knowledge of the block momentum ∆p? In fact, while the commutator of c.m. position and block momentum is ıh, the momentum commutes with the difference of two positions; more pre-cisely, if the block moves as a result of momentum given to it, the difference of final and initial c.m. position operators commutes with the momentum operator [17] . The possession of joint knowledge of the momentum and the translation of the block is thus not a problem.
The translation can be arranged to lie in the Planck regime; for example we take a block of high-lead glass with L 2 = 5L 1 = 5 × 10 −3 m, mass density ρ = 6 × 10 3 kg m −3 and n = 1.6. This has a mass M = 1.5 × 10 −4 kg. Using a photon of wavelength λ = 445nm (energyhω = 2.78 eV) we get ∆X 0 = 1.98 × 10 −35 m, quite close to the Planck length in the traditional (no large extra-dimensions) scenario.
What is the significance of such tiny translation? Is not the c.m. just a bookkeeping device? And how do we know that the photon momentum is vested on the full block mass rather than on a small fraction of it, which alternative would make the c.m. translation much larger than mentioned? Regarding the first query one must note that the c.m. position is canonically conjugate to the block momentum, as already noted previously; this is also true classically. There can be no doubt about the physical significance of the momentum, so an equal physical significance accrues to the c.m. position and any shift of it. The present account assumes that the c.m. translation has physical significance even though the c.m., as a collective coordinate, does not mark the position of any particular block constituent.
Regarding the second query, the doubt is best quelled by interposing, between the single-photon generator and the block, an optical system whose task is to spread the pulse transversally so that it "illuminates" most of the block (see Fig. 1 ). A cylindrical block would evidently be more to the point here, but we continue discussion with the rectangular one.
Planck scale motion impediment
We return to the idea, mentioned early in Sec. 2, that motion of the c.m. over a Planck like scale is impeded. Whereas it is rather clear intuitively that translations on scale much larger then Planck's will take place unhindered by quantum foam, this may no longer hold on scales comparable to P because quantum fluctuations of the metric are large on such a scale (perturbations of order unity from the Minkowski metric). The question is whether ballistic motion can take place when the metric has big bumps on the scale of the motion. This is similar to asking whether free particle motion over a certain scale is possible in a potential which undulates on that scale. The intuitive answer seems to be negative. Let us try a different viewpoint.
Order unity fluctuations of the metric suggest formation of virtual black holes with size similar to the fluctuation coherence length and with lifetime similar to the coherence time. Alternatively, we can imagine moving all nonlinear terms in Einstein's equations to the right hand side, where they play the role of energy-momentum tensor of gravitation. Because we deal with Planck scale fluctuations, on dimensional grounds the corresponding energy density must be m P c 2 / P 3 and it has a coherence length P and coherence time P /c. This is sufficiently dense to form black holes of mass m P and radius P , really the smallest possible black holes. One can thus envisage spacetime foam as a sea of ephemeral black holes of about Planck mass (and Planck scale radius) constantly forming and disappearing. The block's c.m., whose translation during photon transit extends over a time very long compared to Planck's, will thus often run into such a black hole. It seems likely that this will impede its translation.
But if the block's c.m. motion is impeded, the photon may be prevented from crossing the block because the associated transfer of momentum to the block and back to the photon in accordance with momentum conservation is not consistent with a translation smaller than ∆X 0 . One cannot really argue that the momentum ∆p is transferred to the black holes instead of to the block: the gravitational vacuum must consistently have zero momentum. To avoid contradiction the photon must do something else, e.g. get absorbed in the block or get back-reflected (the possibility of it converting into gravitons seems to have very low probability). Since in principle one can have a very transparent dielectric, at least in the optical band, back reflection seems the more likely way out. I am yet unable to estimate the probability of backreflection in this context, but it is unlikely to be large.
The realistic experiment
Our idealized set up needs to face some realities. The block cannot be free in the lab; the best alternative is to suspend it by a very light thread. While the restoring force originating from the tiny displacement ∆X 0 is negligible, one must take into account that whose origin is in displacements occasioned by thermal noise [17] . We have mentioned the use of an optical system to broaden the beam so as to encompass the full breadth of the block; there should be a second optical system to refocus the outgoing pulse onto the photon detector (see Fig. 1 ).
In reality there is some classical back-reflection from the front and back face of the block. One could try to avoid this complication with an antireflection coating. But since there is always some residual reflection, and the level of the competing anomalous reflection ascribable to the quantum fog is unknown, we analyze a set-up without coating, and then describe a scheme for isolating the interesting effect from the chaff.
According to Fresnel's formulae [14] , when a plane electromagnetic wave penetrates from vacuum (n = 1) into a medium with index of refraction n across a thin plane boundary, the electric field gets multiplied by 2/(n + 1) upon transmission and by (1 − n)/(1 + n) upon reflection. In passage from medium to vacuum the transmission factor becomes 2n/(n + 1) and the reflection one becomes (n − 1)/(1 + n). Thus, when the photon goes though the block with one transmissions of each kind, its state picks up the factor 4n(n + 1) −2 exp (ınωL 1 /c) which includes the phase accrued during the crossing of the block. To this factor is associated the ∆X 0 translation of the block's c.m.
But the photon can also get across by undergoing a reflection at front and back faces of the block j times before finally emerging through the front face. In this case its amplitude will get multiplied by the generalization of our mentioned factor, namely,
where one discerns the factor due to 2j reflections and the supplement to the phase from the propagation though extra distance 2jL 1 /c inside the block. To this event is associated a block translation by
Here the additional translation proportional to 2j results because the photon, upon each reflection at the front face of the block, conveys to the block twice it own momentumhω/(cn); it then withdraws this contribution upon reflection at the back face. During each photon flight towards the back, which lasts time nL 1 /c, the block has extra forward velocity 2hω/(M cn) which moves its c.m. the distance 2L 1h ω/(M c 2 ). As a result the state of the block (its c.m. to be precise) gets entangled with the amplitude of the photon. The part of the photon-block state which propagates in the direction of the photon detector, say to the left, is thus
where |γ i is the photon state incident on the block. We shall not delve into the complementary back-propagating part; it is of little interest here. We are interested in the probability that the photon gets through the block without any internal reflection; we know that this (and only this) eventuality goes together with the basic translation ∆X 0 . This is p(j = 0| ←), the conditional probability that j = 0 (no internal reflections) given that the photon got across. By Bayes's theorem p(j = 0| ←) = p(j = 0)/p(←), where p(←) = ∞ j=0 p(j) (this last sum is less than unity since there is some probability for the photon to be back-reflected toward the photon generator).
From Eq. (6) we see that
It immediately follows that p(←) = 2n/(n 2 + 1) so that
For our example n = 1.6 and p(j = 0| ←) = 0.997. Thus if the photon is detected (assuming high detector quantum efficiency), the probability that the block was translated by just ∆X 0 is very close to unity. The stress on "if" in the preceding statement stems from the fact the probability of the photon transiting the block is not that high: p(←) = 0.899 for n = 1.6. Accordingly, the naïve probability of back-reflection of the photon is about 10% in our example. The essence of our claim in Sec. 3 is that when the experimental parameters make ∆X 0 close to P , this back-reflection probability is slightly enhanced because sometimes the block does not translate forward in response to the passage of the photon. In such eventuality the photon is prevented from passing through because, by momentum conservation, this would have entailed full translation of the block.
Probably, the anomalous increase in back-reflectivity is tiny; it may not be practical to measure it directly. We therefore suggest the following strategy. Along with the original suspended block and its associated detector D, suspend a second block of identical makeup and like thickness, but considerably lower mass, followed by a separate photon detector D'. The beam from the photon emitter is to be directed through a beam-splitter and mirror assembly as shown in Fig. 1 . If the photon is incident on the first block, it will attempt to cause a translation of it by about P , and if successful it will be detected by D. If instead it goes through the second, lighter, block, and is detected by D', it will have shifted that block a distance considerable longer than P . The impediment we alluded to should be all but absent under this new circumstance, so the tendency to back-reflect the photon would be felt only for the first alternative. Since the construction of the two blocks is such as to endow them with the same Fresnel (classical) back-reflectivity, if the experiment is repeated many times we expect the detector D to detect fewer photons than D'. This assumes that the two detectors have like quantum efficiency, and that the beam-splitter/mirror assembly is unbiased.
The last caveat is a key one. Relative calibration of the two block setups is thus required to exclude the possibility that slight inherent asymmetry in the properties of the two blocks, or of the beam-splitter/mirror assembly, masquerades as a physical effect. This could be done by preceding the envisaged series of single-photon experiments with a separate experiment in which a macroscopic laser pulse is sent down the same paths, and the relative intensities reaching D and D' are accurately measured. A suitable correction for any discovered asymmetry can be applied to the primary experiment. A further precaution is relevant if one wants to analyze the one-photon events one-by-one as opposed to just looking at means and variances of multi-event series. To prevent confusion between a click in one of the detectors (or lack of it) and a single photon emission unrelated to it, one would allow the emission to trigger the detectors through a cable issuing from electronics which detects the emission. To give the electronics time to precede the photon, one may store the latter in a delay line, as shown in Fig. 1 .
Noise and its suppression
What sources of noise might spoil the experiment? One might think of cosmic rays, dark matter particles and solar neutrinos hitting the blocks as possible spoilers. All these have been analyzed in the primary publication [17] and found to be innocuous. While the impulses any of these corpuscles would impart to either of the blocks during or somewhat preceding a photon transit would destroy the evidence for the sought phenomenon, the chance for the passage of one of the single photons to coincide with the arrival of one of the celestial particles turns out to be very small. Accordingly, most of the single-photon events are unspoiled.
Critical to the correct analysis of these and other noise sources is the expectation that the general character of the quantum foam remains unchanged under small Lorentz transformations such as one would expect from thermal agitation of the blocks. While one cannot vouch for Lorentz invariance of quantum gravity in general, and of the quantum gravity vacuum in particular, if there be a preferred frame for the last, it is likely to be offset from the typical Earth-bound frame by a few times 10 5 m s −1 (the speed of the Galaxy with respect to nearby cosmological large structures). By contrast the span of thermal velocity of a block relative to the lab is a mere 10 −8 m s −1 . Thus when comparing the motion imparted to a block by the photon's passage with motion due to a noise source, it is sufficient to consider the last in the reference frame in which the block's c.m. was at rest at photon's ingress.
The most insidious noise for the present experiment comes from thermal photons in the cavity enclosing the blocks (an enclosure necessary in any case to keep out environmental optical photons). This noise cannot be suppressed by operating in a ultrahigh vacuum since the thermal photon density is pressure independent. At liquid helium temperature T = 4 o K, the first block will be hit by no fewer than 140 thermal photons during the passage of an optical single-photon. The thermal photons are in the microwave regime; they are scattered by the block and convey to it a momentum whose mean scales up with the square root of the number of scattered photons. This mean momentum transfer during transit is about 1% of the momentum temporarily deposited in the block by the optical photon [17] . One may thus be tempted to consider this a tolerable level of noise. However, the momentum due to the thermal photons is not withdrawn when the optical photon exits; after transit the block is moving permanently with respect to that reference frame in which its c.m. was at rest upon optical photon ingress, making determination of the translation ascribable to the optical photon's passage ambiguous.
The problem is solved by performing the experiment at 0.5 o K or below. Because thermal photon density scales like T 3 , and Rayleigh's scattering cross-section like the fourth power of frequency (and so like T 4 ), the thermal photon scattering rate is reduced by seven orders of magnitude, and the probability that even a single scattering is registered during optical photon transit is reduced to 10 −5 . Thermal photons become irrelevant [17] . Second in importance is thermal jitter of the block's c.m. due to impacts on the block's surface by residual gas atoms within the mentioned cavity. Using off-the-shelf equipment it is possible today to reach pressures as low as 10 −11 Pa. Then at 4 o K the probability that the first block in our set-up is hit by just a single atom during optical photon transit is a mere 10 −2 . Since thermal photon noise will necessitate even lower temperature, it is clear that most optical single-photon events will be unaffected by thermal noise [17] . We refer the reader to the primary publication [17] for other details of the noise analysis.
